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ABSTRACT 
Post curing can be used to facilitate volatile removal and thus produce polydimethylsiloxane (PDMS) 
films with stable elastic and electrical properties over time. In this study, the effect of post curing was 
investigated for commercial silicone elastomer thin films as a means of improving long-term 
elastomer film reliability. The Young’s moduli and electrical breakdown strengths of commercial 
(silica-reinforced) PDMS elastomer films, with and without additional 35 parts per hundred rubber 
titanium dioxide (TiO2), were investigated after high-temperature (200°C) post curing for various time 
spans. The elastomers were found to contain less than 2% of volatiles (significantly higher for TiO2- 
filled samples), but nevertheless a strong effect from post curing was observed. The young’s moduli 
as well as the strain-dependent behavior were found to change significantly upon post curing 
treatment, where Young’s moduli at 5% strain increase with post curing. Furthermore, the 
determined dielectric breakdown parameters from Weibull analyses showed that greater electrical 
stability and reliability could be achieved by post curing the PDMS films before usage, and this 
method therefore paves a way toward more reliable dielectric elastomers.  
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Introduction 
Silicone elastomers are used widely in various applications 
because of their many favorable properties, including their 
inherent softness, combined with low viscous dissipation 
as well as their temperature stability, which usually ranges 
from   100°C to more than 200°C[1]. Due to their softness 
and elasticity, combined with their electrically insulating 
properties, silicone elastomers are one of the most used 
materials for dielectric elastomers (DEs), which can be 
used in various products, such as lightweight and linear 
transducers, either in the form of generators (converting 
mechanical energy into electrical energy) or actuators 
(converting electrical energy into mechanical energy). 
This DE technology holds great promise due to the possi-
bility of noiseless transduction, large strains, and low 
energy consumption, and so, silicone DE-based products 
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are currently being commercialized[2]. The optimization 
of the silicone elastomers—mainly with respect to obtain-
ing increased dielectric permittivity and thus increased 
energy density—is manifested through various app-
roaches, such as the covalent grafting of highpermittivity 
moieties[3–6], interpenetrating networks[7–11], blending 
in high-permittivity oils[12,13], and creating silicone elasto-
mer composites with high-permittivity fillers such as 
metal oxides[14,15]. However, all modifications, to date, 
have resulted in one or more drawbacks. In general, not 
only is the dielectric breakdown strength of the DE 
reduced but also the overall lifetime of the silicone elasto-
mer itself may be significantly altered. The lifetime and 
reliability of DEs are now more important than ever, 
especially with the emergence of the first commercial pro-
ducts. The reliability of the developed silicone DE trans-
ducers depends on the type of material used, fabrication 
techniques[16], product design as well as transducer oper-
ating conditions, including the applied frequency, the 
amplitude of the applied voltage, and any prestraining 
of the elastomer. However, the reliability of optimized/ 
modified silicone elastomers is often ignored, perhaps 
due to their reputation of being the most reliable material 
for DEs ever since the independent research center SRI 
International investigated various elastomer materials in 
the early 1990s[17]. They showed that the acrylic double- 
adhesive VHB 4910, produced by 3M, was the best-per-
forming elastomer with respect to actuation strain at a 
given applied voltage and outperformed silicone-based 
elastomers over short time scales. Silicone elastomers, 
however, were shown to possess significantly faster actu-
ation responses (in the order of milliseconds), greater 
reliability as well as negligible viscous loss compared to 
VHB[17]. However, an important and often ignored factor 
in filled silicone elastomers especially is the Mullins effect, 
i.e., the experienced maximum strain dependency of the 
elastic properties (stress softening). Precautions against 
these issues, however, can be taken[18]. 
Silicone polymers are synthesized through the equili-
bration polymerization of low molecular weight linear 
and cyclic siloxanes in the presence of acid or base cat-
alysts. One disadvantage of this process is the formation 
of undesired by-products caused by a premature chain 
termination reaction and unreacted cyclic oligomers[19]. 
These residues are mobile within the resulting silicone 
elastomers, and under certain conditions, they outgas 
to the elastomer’s surface or any device interface, thus 
leading to contamination (by the outgassing com-
pounds). Siloxane oligomers from the polymerization 
process are a main contributor to silicone outgassing; 
nonetheless, they are compatible with the silicone elas-
tomer matrix and may have very low vapor pressures, 
so the outgassing process is often very slow indeed[20]. 
Furthermore, residual solvent from the manufacturing 
procedures may also exist in the cured film. The perfor-
mance of many silicone elastomer-based devices is often 
altered by outgassing[21], since outgassing changes the 
mechanical properties of elastomers, such as their tear 
strength and maximum elongation, due to the loss of 
a plasticizing effect from the oligomers[20]. Such uncon-
trolled changes in elastomer properties over time are 
naturally undesired. If the silicone elastomer is intended 
for use in human-contact products such as medical 
applications, post curing is mandatory to exclude out-
gassing in the final product. Post curing, however, is 
tedious and therefore generally avoided for other appli-
cations than medical. In post curing, the volatiles from 
the cross-linked silicone are normally removed by 
diffusion and evaporation at a higher temperature than 
the curing temperature. The rate at which this develop-
ment proceeds depends on the physical and chemical 
properties of the utilized silicone as well as on the 
geometry and the design of devices (for example, the 
thickness and total surface area)[20]. 
While several studies have investigate the effect out-
gassing of polymers[22], rubbers[23], resins[24,25], and 
composites[26], fewer studies have focused specifically 
on silicone elastomers[20,27] and to our knowledge, no 
studies exist on the effect of post cureing on dielectric 
properties of silicone elastomers for dielectric elastomer 
applications. Rothka et al.[27] investigated the effect of 
post curing on the outgassing of silicone elastomers, 
which were initially post cured for 4 h at 204°C, result-
ing in a 2.7% mass loss. Subsequently, the post cured 
silicone elastomers were treated at 177°C for 20 h, and 
the observed mass loss was then less than 0.5%. In 
comparison, with no post curing, the mass loss at 
177°C for 24 h was in the order of 4% (about eight times 
greater). It is thus evident that post curing is a key 
parameter in respect to outgassing. 
Several methods to produce silicone elastomers with 
improved electromechanical properties have been 
developed[5,28–30], with the addition of fillers, such as 
metal oxides[31–35], being the most commonly investi-
gated, due to the ease of elastomer formulation. Incorpor-
ating rigid fillers into silicone elastomers, though, changes 
intrinsic mechanical behavior such as the Mullins effect, 
as discussed earlier. In a previous study, we showed that 
nonpost cured elastomers with significant amounts of 
filler showed significant loss of tension over time upon 
prestraining to 120% for 3 months[36]. 
Brook et al.[20] reported that post curing increases the 
Young’s moduli of silicone elastomers. Since the dielec-
tric breakdown strength of silicone elastomers is 
strongly dependent on the Young’s modulus, dielectric 
breakdown strength is also very likely affected by post 
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curing[37]. Long-term mechanical and electrical 
reliability should be achievable if silicone elastomers 
are post cured before they are used in DE applications. 
Therefore, this study focuses on two types of silicone 
elastomers commonly utilized as DE materials, namely, 
commercial silicone elastomers, one with and one with-
out an additional 35 phr permittivity-enhancing filler 
(TiO2), to investigate the effect of post curing on the 
mechanical and electrical stability of DEs. The study 
was performed by heating the cured silicone elastomers 
at 200°C for 0, 5, 30, 60, 120, and 240 min subsequent to 
the initial curing procedure. Most commonly used cur-
ing conditions for addition cure silicone elastomers are 
∼120°C for 10–30 min. The resulting mechanical and 
electrical properties of the various samples were then 
measured. To our knowledge, the effect of post curing 
on, for example, dielectric breakdown strength has not 
been investigated previously, since the fraction of 
volatiles is so low (usually stated to be 1–2% by the elas-
tomer supplier) that it has—so far—seemed irrelevant. 
Experimental section 
Materials 
Four different compositions of commercial silicone, 
with and without permittivity-enhancing filler, were 
investigated. The pristine elastomers were Elastosil 
RT625 A/B and Elastosil LR3040/30 A/B from Wacker 
Chemie AG. Elastosil RT625 A/B is a room-temperature 
vulcanising (RTV) elastomer, supplied as a two-part 
system. The utilized mixing ratio of parts A and B is 
9:1. Elastosil LR3040/30 A/B is a high-viscosity liquid 
silicone rubber (LSR) which is also supplied as a two- 
part system. The utilized mixing ratio of parts A and 
B was 1:1, as recommended by the supplier. Both com-
mercial elastomers are naturally filled with SiO2. The 
choice of elastomers was based on previous experience 
with various types of commercial silicone elastomers, 
where the two chosen elastomers first of all provided 
acceptable viscosities for facile coating without the need 
for excessive amounts of solvent. Second, both elasto-
mers provide good electrical breakdown strengths, and 
thus they are good candidates for dielectric elastomers. 
The solvent OS-20 (an ozone-safe, volatile methylsi-
loxane fluid) was obtained from Dow Corning and was 
added to achieve a suitable viscosity for film coating. 
The OS-20 was added to the silicone formulation, as it 
also facilitates filler dispersion and thus produces more 
homogenous elastomer films. The choice of OS-20 
solvent was based on feasibility in a large-scale 
production of DE thin films[38–40]. 
The composites consist of the above-mentioned 
elastomers compounded with hydrophobic titanium 
dioxide (TiO2) R420 from Sachtleben Chemie, with an 
average primary particle size of 250 nm. The particles 
were added in quantities of 35 parts per hundred rubber 
(phr), equating to a mass fraction of 26% in the final 
composite. The OS-20 was added to both silicone 
formulations with TiO2. For clarity, the commercial 
silicone films will be referred to as pristine polydi-
methylsiloxane (PDMS) films, and composites contain-
ing additional 35 phr TiO2 will be referred to as filled 
PDMS elastomers. 
Sample preparation 
Thin films were prepared based on the procedures 
described by Skov et al.[41] and as summarized below. 
Part B of the elastomer, some solvent and filler (in the 
case of the filled elastomer) were mixed by a DAC 
150FVZ SpeedMixer (Hauschild Co.) at 3,000 rpm. 
After 5 min of mixing, part A of the material was added 
and mixed for another 5 min at 2,000 rpm. Glass plates 
were coated with the premixes, using a thin-film 3540 
bird applicator from Elcometer. The films were cured 
in an oven for 5 min at 75°C and subsequently for 
10 min at 115°C. The prepared films were removed 
from the glass plates before post curing was performed 
in a ventilated oven at 200°C for 0 (control), 5, 30, 60, 
120, and 240 min. The thicknesses of the prepared films 
was around 52–105 µm. Finally, the films were stored 
between 50-µm-thick ethylene-tetrafluorethylene foils 
and kept in a desiccator until use. 
Methods 
The volatile content measurements were performed 
on 150 � 50 mm PDMS films with thicknesses of 
52–105 µm. The weights of the PDMS films before 
and after 240 min of post curing were taken, and the 
weight loss percentages of the volatiles were then calcu-
lated. The differential scanning calorimetry (DSC) 
analysis was performed with a TA discovery DSC in 
an air atmosphere ranging from   90 to 100°C and at 
a heating rate of 10°C/min. The thermogravimetric 
analysis (TGA) was performed with a TA Discovery 
TGA. The films were heated in an air atmosphere up 
to 700°C and the heating rate was 10°C/min. Uniaxial 
extensional rheology was performed to determine the 
Young’s modulus at different strains. Rectangular strips 
of approximately 6 mm � 20 mm and 52–105 µm in 
thickness were prepared for the measurements, which 
were performed using an ARES-G2 with Sentmanat 
extensional rheology 2 (SER2) geometry. The SER2 
has rotary clamps which are basically two cylinders 
winding up the sample, thus a stepwise increasing load 
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can be applied and the corresponding elongations 
can be measured. The test specimen was elongated uni-
axially at a steady Hencky strain rate of 0.001 (/s). 
Young’s moduli were obtained from the tangent of the 
stress–strain curves from 0 to 130% strains. Breakdown 
measurements were performed on an in-house built 
device based on international standards [IEC 60243-1 
(1998) and IEC 60243-2 (2001)], and the film thick-
nesses (which can be found as supporting information) 
were determined with a Leica DMLB microscope replete 
with a USB Thorlabs 2.0 digital camera. The distance 
between the two spherical electrodes (with diameters 
of 20 mm) was set according to sample thickness with 
a micrometer stage and gauge. An indent of less than 
3% of sample thickness was added to ensure that the 
spheres were in contact with the sample. A stepwise 
increasing voltage was applied (50–100 V/step) at a rate 
of 0.5–1.0 steps/s. Each sample was subjected to ten 
breakdown measurements, and an average of the values 
was stated as the breakdown strength of the sample. 
Furthermore, Weibull analysis was performed on the 
ten breakdown measurements to determine shape (b) 
and scale (η) parameters. Silver depositions were 
performed on a physical vapor deposition chamber 
system for reliable dielectric measurements, and this 
chamber was fitted with a large butterfly valve to control 
pumping speed and was pumped by an oil diffusion 
pump with a liquid nitrogen trap. The lid was lifted 
off the chamber whenever films or targets needed to 
be changed, and the lid wall seal was accomplished by 
the addition of a large ring. The base vacuum was 
approximately 2 � 10  5 bar. The chamber was fitted 
with an evaporation source (for silver), a DC magnetron 
sputter source, and an RF sputter source (for sputtering 
nonconducting targets). Silver evaporation was 
performed on the tungsten boat at the bottom of the 
chamber. According to the instrument calibration, this 
resulted in a sputtering rate of about 1.5 nm/s and pro-
duced a monolayer thickness of silver about 50–60 nm 
within 30–40 s. Thin silver electrodes ensure sufficient 
contact between sample and plates. More details 
on the process can be found in Benslimane et al.[42] 
Dielectric relaxation spectroscopy was performed on a 
Novocontrol Alpha-A high-performance frequency 
analyser (Novocontrol Technologies GmbH & Co. 
KG, Germany) operating in the frequency range of 
10  1–106 Hz at 23°C. Linear viscoelasticity for all 
samples was measured using an ARES-G2 rheometer 
(TA Instruments) set to a controlled strain mode, at 
0.5% strain and with frequency sweeps from 100 to 
0.01 Hz at ambient temperature, using a parallel-plate 
geometry of 25 mm in diameter. The elastomer samples 
for linear viscoelastic measurements were 25 mm in 
diameter and 0.5–1.3 mm thick. Frequency sweeps of 
the samples were measured at different post cure times 
(0, 5, 30, 60, 120, and 240 min). Time sweeps were per-
formed on samples A (pure RT625), B (pure LR3040/ 
30), C (RT625 þ 35 phr TiO2), and D (LR3040/30 þ 35  
phr TiO2) at 0 and 240 min of post curing at a tempera-
ture of 200°C for 480 min at a constant strain of (0.5%) 
and frequency of (1 Hz). Temperature sweeps were like-
wise performed on these samples, using a temperature 
ramp mode within a temperature range of 20–200°C 
at a constant strain (0.5%) and frequency (1 Hz). 
Results and discussion 
The content of volatiles in the samples was measured by 
examining the weight of the samples before and after the 
post curing treatment at 200°C for 5, 30, 60, 120, and 
240 min. The results were calculated in terms of actual 
loss as a percentage as well as loss relative to the pure 
elastomer matrix for samples containing TiO2. The 
results are also shown in Table 1 and Figure 1. 
From the results in Table 1 and Figure 1, it is clear 
that post curing filled elastomers results in a higher 
mass loss of volatiles compared to the two pristine 
silicone elastomers. During film preparation, solvent 
Table 1. Weight loss of PDMS elastomer films after post curing for 5, 30, 60, 120, and 240 min. The weight loss of samples with 
TiO2 is furthermore calculated relative to the commercial elastomer (by excluding the TiO2 mass) for easy comparison with pure 
commercial elastomers. 
Sample  
ID Material 
5 min 30 min 60 min 120 min 240 min 
Loss  
(%) 
Loss relative  
to elastomer  
matrix 
(excluding  
filler) (%) 
Loss  
(%) 
Loss relative  
to elastomer  
matrix 
(excluding  
filler) (%) 
Loss  
(%) 
Loss relative  
to elastomer  
matrix 
(excluding  
filler) (%) 
Loss  
(%) 
Loss relative  
to elastomer  
matrix 
(excluding  
filler) (%) 
Loss  
(%) 
Loss relative  
to elastomer  
matrix 
(excluding  
filler) (%)  
A RT625  0.4  0.4  0.7  0.7  1.0  1.0  1.1  1.1  1.2  1.2 
B LR3040/30  0.2  0.2  0.7  0.7  1.3  1.3  1.4  1.4  1.7  1.7 
C RT625 þ 35 phr TiO2  1.4  1.9  2.6  3.6  3.2  4.4  3.7  4.9  3.9  5.3 
D LR3040/30 þ 35 phr 
TiO2  
1.8  2.4  2.4  3.2  2.7  3.7  3.2  4.3  3.5  4.7 
phr, parts per hundred rubber.    
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and other volatiles may be adsorbed by the TiO2 parti-
cles, and thus these strongly influence the diffusion of 
volatiles during the initial cure. In principle, the solvent 
utilized for the filled samples should have been com-
pletely removed during curing, but from the results in 
Table 1, it is clear that the cured samples with TiO2 con-
tain a higher fraction of volatiles. This again illustrates 
the importance of post curing especially for silicone 
elastomers with high filler content. It is also clear that 
outgassing depends not only on sample geometry but 
also, to a large extent, on sample composition. The 
two types of commercial elastomers may also consist 
of different types of silica and thus interactions in the 
resulting elastomer may be different from elastomer 
type to the other. When the TiO2 particles are added, 
further deviations in behaviors may occur. It can also 
be seen from Figure 1 that most of the outgassing occurs 
within approximately 60 min, and thereafter only minor 
outgassing is taking place. 
A determination of the content of volatiles in the films 
before and after post curing was undertaken using TGA. 
Figure 2 shows the TGA thermograms of the four elasto-
mers after 0 and 240 min of post curing, respectively. 
A time of 240 min was chosen as the maximum post 
curing time, as this is a commonly required treatment 
for thick silicone elastomers[20]. Samples without post 
curing show significant weight loss from room tempera-
ture to the first degradation process (around 350°C) in 
the order of 3–5%. In comparison, samples which have 
been extensively post cured show significantly smaller 
weight loss over the same temperature range, as the 
volatiles inside the elastomer films have been effectively 
removed during the post curing process. The TGA ther-
mograms for all samples post cured at the different time 
spans can be found as the supporting information. 
The effect of post curing on thermal transition beha-
vior in elastomers was examined by DSC. All thermo-
grams for samples post cured at different time spans 
can be found as supporting information. An exothermic 
peak is observed for both the post cured and the non-
post cured PDMS films during cooling, which corre-
sponds to crystallization processes taking place in the 
films. During heating, an endothermic peak is observed, 
which corresponds to the crystallite melting. The 
Figure 1. Weight loss as a function of post cure time.  
Figure 2. TGA thermograms for the investigated pristine and filled PDMS elastomer films with and without post curing treatment. 
Heating rate of 10°C/min in air atmosphere. (A ¼ RT625, B ¼ LR3040/30, C ¼ RT625 þ 35 phr TiO2, D ¼ LR3040/30 þ 35 phr TiO2). 
Note: TGA, thermogravimetric analysis.   
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temperatures for which crystallization and melting 
occur are denoted by Tc and Tm, respectively. The 
DSC results indicate that post curing causes only a 
marginal effect on Tm. The results also indicate that 
the pristine PDMS films (A and B) exhibit lower Tc 
upon post curing. Inversely, upon post curing, the 
TiO2-filled PDMS films have higher than or similar Tc 
to their nonpost cured counterparts. The high filler 
content in the filled samples thus greatly influences 
the thermal behavior of the PDMS films. The glass tran-
sition temperatures, Tg, do not change significantly after 
post curing. 
From the obtained results—so far—it is obvious that 
outgassing is to be expected if post curing is omitted 
during film fabrication. Thus, changes in the mechan-
ical properties of the elastomer films over time are 
expected. To investigate these changes in mechanical 
properties with post curing time, the Young’s modulus 
as a function of strain for the different samples was 
measured before and after post curing for different time 
spans. Figure 3 shows the Young’s modulus at 5% strain 
as a function of post curing time. 
The Young’s moduli at 5% strain are furthermore 
summarized in Table 2 together with their percentage-
wise increase induced by the post cureing. 
As seen in Figure 3 and Table 2, the Young’s moduli 
of the control samples of the two pristine elastomers are 
in the same order of magnitude. After post curing, the 
Young’s moduli, however, have increased to different 
extents. RT625 experienced a maximum increase of 
68% following 120 min of post curing, while LR3040/ 
30 experienced a maximum increase in the Young’s 
modulus of 108% after 240 min of post curing. 
LR3040/30 thus becomes significantly stiffer than 
RT625 over time, probably due to the utilization of lar-
ger amounts of solvent during the processing. This also 
means that LR3040/30 will change more over time than 
RT625 if the post curing of samples is not performed 
prior to use as DEs. As seen in Figure 3 and Table 2, 
elastomers with TiO2 experience a dramatic increase 
in the Young’s modulus compared to the pristine 
Figure 3. Young’s modulus at 5% strain as a function of post 
cure time.  
Table 2. Dielectric breakdown data and Young’s moduli at 5% strain for different post cure times (A ¼ RT625, B ¼ LR3040/30, 
C ¼ RT625 þ 35 phr TiO2, D ¼ LR3040/30 þ 35 phr TiO2). 
Sample ID 
Post cure  
time (min) 
Breakdown  
strength (V/µm) 
Increase in breakdown  
strength compared  
to control (%) Thickness (µm) 
Breakdown  
voltage (V) 
Y at 5%  
strain (MPa) 
Increase in Young’s  
modulus compared to  
control (%)  
A-Control  0  98 � 4 — 69 6,791  0.56 — 
A-5 Min  5  107 � 3  9.2 69 7,419  0.72  28.6 
A-30 Min  30  112 � 5  14.3 68 7,683  0.77  37.5 
A-60 Min  60  109 � 4  11.2 67 7,368  0.88  57.1 
A-120 Min  120  115 � 3  17.3 67 7,718  0.94  67.9 
A-240 Min  240  114 � 4  16.3 66 7,545  0.86  53.6 
B-Control  0  108 � 5 — 70 7,566  0.53 — 
B-5 Min  5  106 � 3    1.9 69 7,353  0.56  5.7 
B-30 Min  30  117 � 3  8.3 68 8,018  0.96  81.1 
B-60 Min  60  119 � 3  10.2 68 8,126  0.89  67.9 
B-120 Min  120  122 � 3  13.0 67 8,195  1.03  94.3 
B-240 Min  240  126 � 4  16.7 67 8,421  1.10  107.5 
C-Control  0  133 � 6 — 53 7,031  1.04 — 
C-5 Min  5  140 � 4  5.3 53 7,460  1.65  58.7 
C-30 Min  30  152 � 5  14.3 53 8,083  2.18  109.6 
C-60 Min  60  155 � 5  16.5 52 8,098  2.31  121.2 
C-120 Min  120  165 � 4  24.1 52 8,591  3.06  194.2 
C-240 Min  240  179 � 6  34.6 52 9,305  3.23  210.6 
D-Control  0  138 � 4 — 65 8,911  2.71 — 
D-5 Min  5  141 � 4  2.2 65 9,205  3.64  34.3 
D-30 Min  30  147 � 3  6.5 65 9,586  3.77  39.1 
D-60 Min  60  158 � 3  14.5 63 9,967  4.73  74.5 
D-120 Min  120  168 � 3  21.7 63 10,593  5.42  100 
D-240 Min  240  184 � 3  33.3 63 11,790  5.42  100 
phr, parts per hundred rubber.    
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elastomers. This is expected when adding hard fillers to 
a silicone elastomer. Nevertheless, the samples do not 
experience similar increases despite having similar 
initial Young’s moduli, possibly due to a difference in 
the composition of the two elastomers RT625 and 
LR3040/30. Upon post curing, the two elastomers with 
TiO2 also show different behaviors. The modulus of 
RT625 þ 35 phr TiO2 increases by more than 200% after 
post curing, which thus has a dramatic effect upon the 
mechanical properties of the filled RT625. LR3040/30 þ
35 phr TiO2 shows a modulus increase of 100%, which 
is comparable to what was experienced by its pristine 
counterpart. Furthermore, it applies to all samples that 
the Young’s moduli are constant after 120 min of post 
curing. The pristine elastomers do, however, only need 
about 60 min to post cure. Young’s modulus of all 
samples increases with post cure time, expect a few cases 
(A 240 Min and B 60 Min) which is due to sample/ 
measurement inaccuracies, since the trend is otherwise 
very clear for all samples. 
Figure 4 illustrates stress–strain behavior up to 130% 
strain of elastomers before and after post curing for 
240 min. The stress–strain curves clearly illustrate the 
stiffening effect of post curing, which is especially 
pronounced for elastomers with TiO2 fillers. 
Figure 5 shows the Young’s moduli and normalized 
Young’s moduli as a function of strain after different 
post curing time spans for the pristine PDMS films 
RT625 and LR3040/30. 
Normalised Young’s moduli (Yn(s)) are calculated 
from Yn sð Þ ¼ Y sð ÞY0 sð Þ ; where Y(s) is the Young’s modulus 
for post cured elastomer films at a given strain, and 
Y0 is the corresponding Young’s modulus for the non-
post cured samples at the same strain. The effect of post 
curing on the pristine elastomers is illustrated in 
Figure 5. Both investigated pristine elastomers show 
identical behavior with increased Young’s moduli dur-
ing increased post curing periods. The pristine elasto-
mers both exhibit significant strain softening up to 
approximately 70% strain, following which strain hard-
ening effects set in. This characteristic property of sili-
cone elastomers leads to a local minimum in the 
Young’s modulus as a function of strain. Strain harden-
ing is particularly favorable in the context of avoiding 
the electromechanical instability (EMI) phenomenon 
which occurs when local Maxwell pressure exceeds the 
compressive stress of the elastomer[43–45]. The normal-
ized Young’s modulus plots (Figure 5b) show that 
LR3040/30 benefits on this occasion from post curing, 
since the curves become more strain hardening. The 
effect is less pronounced for RT625. 
Young’s moduli and normalized Young’s moduli as 
functions of strain for RT625 and LR3040/30 with 
35 phr TiO2 are shown in Figure 6. 
The two different TiO2-filled elastomers show very 
different responses in the Young’s modulus as a function 
of strain. This is expected since the commercial formula-
tions most likely consist of different types of silica fillers. 
The Young’s modulus gives a clear indication of various 
interactions taking place at various strains, indicating the 
complex behavior of the composites with three types of 
overall interactions, namely, filler–filler, filler–polymer, 
and polymer–polymer interactions, where the introduc-
tion of the TiO2 fillers introduces additional two types 
of filler–filler interactions (TiO2‒TiO2 and TiO2-silica) 
as well as another filler–polymer interaction. 
Filled LR3040/30 shows significantly more strain 
hardening and softening behaviors than filled RT625, 
Figure 4. Stress–strain curves for left: Pristine RT625 (A) and RT625 with 35 phr TiO2(C) and right: Pristine LR3040/30 (B) and LR3040/ 
30 with 35 phr TiO2(D).  
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while the normalized Young’s moduli plots as functions 
of strain (Figure 6b) also illustrate the different beha-
viors between the two elastomers. After post curing, 
the filled RT625 exhibits more strain-dependent effects 
than the nonpost cured control sample. LR3040/30, on 
the other hand, experiences very different effects. After 
post curing for longer than 5 min, the curves change 
shapes from concave to convex, with a peak maximum 
at approximately 85% strain. This phenomenon is only 
seen for the filled LR3040/30 elastomer and can be 
attributed to the high filler content within the elastomer. 
Up to a certain strain, the elastomer exhibits stress 
hardening behavior, where after stress softening sets 
in due to the high filler content, which in turn induces 
significant Mullins effects such as the rupture of filler 
clusters and the separation of weak polymer chains from 
the fillers[46]. The strain hardening that is experienced 
after post curing up to approximately 80% strain is, as 
mentioned previously, beneficial in the context of 
avoiding EMI. Post curing therefore improves this 
failure mode of filled DEs. 
Figure 7 shows the storage modulus and loss (tan δ) 
as a function of temperature at a constant strain and 
frequency. 
It can be seen that all samples experience the same 
behavior, to a greater or lesser extent. After post 
curing, all materials have become significantly stiffer, 
as illustrated by the increase in storage modulus. 
Before post curing, all samples experience a tempera-
ture-independent storage modulus, whereas thereafter 
the storage modulus drops as a function of tempera-
ture. Since the modulus drop is more pronounced 
for samples with high filler content, it may be ascribed 
to polymer–filler interactions such as the relaxation of 
polymer chains surrounding the fillers. Thus, for these 
samples, polymer–filler interactions are more 
pronounced than entropic elasticity, which would have 
led to storage modulus increases in line with increas-
ing temperatures[47]. The losses are seen to decrease 
when the temperature increases, meaning that the 
samples become less dissipative at increasing tempera-
tures. In the supporting information, time and 
frequency sweeps for different post cure time spans 
can be found for all samples. These results confirm 
that samples become stiffer after post curing and that 
no “actual” post curing (further cross-linking) takes 
place during the process, since the loss factor does 
not decrease thereafter. 
Since post curing changes the Young’s moduli of 
elastomers, dielectric breakdown strength may also be 
affected, as the breakdown strength of DE films has 
been found previously to scale linearly—or even 
exponentially—with the Young’s modulus[14,37]. 
Table 2 shows dielectric breakdown strength and 
Figure 5. Young’s modulus (a) and normalized Young’s modulus (b) as a function of strain at different post curing periods for the 
pristine PDMS films (A ¼ RT625 and B ¼ LR3040/30).  
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Young’s moduli at 5% strain at different post curing 
times. Dielectric breakdown strength as a function of 
Young’s moduli at 5% strain is furthermore shown in 
Figure 8. 
As expected, the breakdown strengths of elastomer 
samples increase as the Young’s moduli increase. For 
both types of pristine elastomers, a maximum increase 
of 16–17% is obtained following post curing, which 
means that post curing effectively increases the dielec-
tric breakdown strength of commercial DE films. 
Furthermore, the results show that the breakdown 
strength of heavily filled PDMS elastomers increases 
to a greater extent than for the pristine elastomers. 
The filled elastomers both experience an increase in 
breakdown strength of 33–34%, which is almost two- 
fold higher than for the pristine elastomers. This means 
that heavily filled elastomers benefit to a very great 
extent from post curing. 
An analysis was performed to investigate the effect of 
post curing elastomer films on dielectric breakdown 
strength distribution. The Weibull distribution is one 
of the most commonly used methods in lifetime analysis 
and can provide insights into the electrical reliability of 
an elastomer. The breakdown data points (EB) are 
therefore fitted to the Weibull cumulative distribution 
function, F(EB): 
F EBð Þ ¼ 1   exp  
EB
g
� �b
ð1Þ
which can be linearized to give: 
ln   ln 1   F EBð Þð Þ½ � ¼ b � ln EBð Þ   b � ln gð Þ: ð2Þ
The Weibull shape parameter, b, is equal to the slope 
of the regressed line. Different b values lead to notice-
able effects on lifetime distribution, and b is also 
required to be as large as possible, such that the mea-
sured breakdown strengths all fall within a narrow 
range of voltages. This is furthermore an indication of 
homogeneity on the microscale. The Weibull scale para-
meter, η, which is determined from the distribution at 
which 63% of the films have broken down electrically, 
should be as high as possible and locate distribution 
along the scale. Table 3 shows the Weibull distribution 
results with b, η and linear regression (r2) in a prob-
ability plot for control samples, and 240 min of post 
cured films. 
The results show that post curing significantly 
increases the reliability of the tested elastomer films as 
the scale and the shape parameters increase. This 
Figure 6. Young’s modulus (a) and a normalized Young’s modulus (b) as a function of strain at different post curing periods for the 
filled PDMS films (C ¼ RT625 þ 35 phr TiO2 and D ¼ LR3040/30 þ 35 phr TiO2).  
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improvement is, among other things, attributed to the 
increase in the Young’s modulus of the PDMS films upon 
post curing[37]. Post curing also extensively removes the 
volatiles that contribute to modulus inhomogeneities and 
defects which are introduced during film preparation[20]. 
Furthermore, since r2, the linear regression goodness of 
fit values become closer to 1, and the breakdown data 
thus become better fitted to the Weibull distribution after 
post curing. This again indicates that elastomers become 
more homogenous after post curing, since small- 
molecule inhomogeneities have been removed. 
Figures 9 and 10 show the cumulative probability of 
failure, from which shape and scale parameters as well 
as r2 have been determined. 
Figure 7. Storage modulus and loss (tan δ) as a function of temperature before and after 240 min of post curing for (A ¼ RT625, 
B ¼ LR3040/30, C ¼ RT625 þ 35 phr TiO2, and D ¼ LR3040/30 þ 35 phr TiO2).  
Figure 8. Breakdown strength as a function of the Young’s modulus for the PDMS films. The Young’s moduli for all tested samples 
are presented according to elevated post curing periods at 0-control, 5, 30, 60, 120, and 240 mins.  
92 S. ZAKARIA ET AL. 
It is clear from Figure 9 that sample B, before post 
curing, experiences breakdown behavior, with two 
clearly separated distributions signifying two break-
down processes. The first part of the data points is most 
likely due to small defects and filler agglomeration in 
the highly filled LR3040/30, whereas the second part 
of the data point distribution represents “true” break-
down processes. This behavior is significantly smaller 
after post curing, thereby indicating that post curing 
eliminates some of the causes of early breakdown 
phenomena, which can also be seen from the shape 
and scale parameters as well as the r2 values. The same 
behavior can be seen for the TiO2-filled samples in 
Figure 10, where both elastomers experience two break-
down distributions before post curing and where the 
behavior is significantly reduced thereafter. 
Conclusion 
Four samples with different compositions were pre-
pared, namely, a commercial RTV elastomer, RT625, a 
commercial LSR elastomer, LR3040/30, and the two 
mentioned elastomers with additional 35 phr added 
TiO2. Important properties in relation to dielectric 
elastomers were measured before and after post cure 
treatment at 200°C for up to 240 min. This included 
Figure 9. Cumulative probability of pristine PDMS film failure before and after post curing (A ¼ RT625 and B ¼ LR3040/30).  
Figure 10. Cumulative probability of filled PDMS film failure before and after post curing (A ¼ RT625 þ 35 phr TiO2 and B ¼ LR3040/ 
30 þ 35 phr TiO2).  
Table 3. Weibull parameters and r2 for the control and 240-min post cured films. 
Parameter 
Scale (η) (V/µm) Shape (b) r2 
Before post cure 
After post  
cure 240 min Before post cure 
After post  
cure 240 min Before post cure 
After post  
cure 240 min  
A (RT625)  99 114 27 33  0.95  0.97 
B (LR3040/30)  110 127 26 34  0.85  0.94 
C (RT625 þ 35 phr TiO2)  135 182 28 34  0.88  0.96 
D (LR3040/30 þ 35 phr TiO2)  140 186 42 71  0.92  0.93 
phr, parts per hundred rubber.    
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the effect of post curing on thermal properties, elastic/ 
mechanical properties, and dielectric breakdown 
strength. This study shows that even commercial sili-
cone elastomers require post curing for mechanical 
and electrical stability. This is an overlooked feature of 
silicone elastomers utilized in dielectric elastomers. 
The two commercial elastomers (RTV and LSR) both 
show improved strength over the post curing period. 
This phenomenon can be ascribed to the evaporation 
of volatiles and other residues from the PDMS films 
at high temperatures. In other words, the elastomer will 
not provide constant actuation over time, if it is not 
ensured that all volatiles have been removed before-
hand. The removal of volatiles is furthermore favorable, 
as it increases electrical breakdown strength and thus 
enhances the reliability of the elastomer. 
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